Density and viscosity are very important fuel properties which have a major influence not only on the fuel production, transportation and distribution processes but also on the processes that take place in an internal combustion engine. Developing robust and high precision density and viscosity models for stabilized diesel fuel-ethanol blends helps the production of fuel to adhere to the quality requirements regarding density and viscosity and the modeling and simulation of injection and combustion processes. For modeling the density and the viscosity of diesel fuel-ethanol blends, five mixtures were prepared with ethanol content up to 15 % (v/v) and
ultimately, the quality of the combustion which influences the efficiency and emission level of an ICE [13] . Fuel viscosity influences the necessary pumping power, fuel leakage losses in the fuel pump and the fuel lubricity [14] .
Ethanol has a very limited miscibility in a diesel fuel. Using proper surfactants, like methyl esters or long-chain alcohols, their miscibility can be improved [15] .
THF was identified as an effective co-solvent for diesel-ethanol blends and it can be obtained at low cost from agricultural waste materials [16] . Research has pointed out that blending THF with other fuels, like algae biodiesel [17] or soybean oil [18] , reduces the emissions from the diesel engine.
There are some concerns about the reduction of the flash point and the cetane number of the blends owing to the low flashpoint and cetane number of ethanol and THF [19] . Whereas the flash point of the blend cannot be easily increased, the cetane number can be restored by using a small amount of cetane improver additive [20] .
Including a third component into the diesel fuel-ethanol blends makes the classical modeling methods more difficult. The density and the viscosity of diesel fuel-ethanol blends were investigated in many studies but, to the best of our knowledge, models for densities and viscosities of diesel fuels-ethanol-surfactant blends, which take into account, in the same time, both the composition and the temperature of the blends, have not been studied yet.
The main aim of this work is to develop proper mathematical models which are able to accurately describe both the temperature and composition dependences of densities and absolute (dynamic) viscosities of the diesel fuel-ethanol blends stabilized by a surfactant.
Materials and methods
In this research commercially available diesel fuel, ethanol with 99.2 % purity and tetrahydrofuran (THF) having 99.5 % concentration were used. The diesel fuel used in this research followed the European standard EN 590 for winter fuel and its main properties related of this work were evaluated using an IROX Diesel type apparatus. Its aromatic hydrocarbon content was 42.9 % (v/v), whereby 7.4 % (v/v) was polyaromatic hydrocarbon and it included 0.2 % (v/v) biodiesel.
Initially, using class A precision pipettes and graded cylinders, five diesel fuel-ethanol blends were prepared at room temperature (20 °C), containing 2, 5, 8, 10 and 15 % (v/v) ethanol. These blends were homogenized in a closed Berzelius beaker with a magnetic stirrer at 400 r / min for 30 minutes and in an ultrasonic bath for a further 20 minutes. After the preparation, the blends were monitored for three days in order to evaluate their stability and miscibility. In the case of the blends which presented any phase separation, depending on the quantity of separated ethanol, 0.5 mL, 1.0 mL or 2.0 mL of tetrahydrofuran were added as a surfactant into the blends. These new blends were homogenized and monitored again in the same way as aforementioned. These steps were repeated until all the blends became stable. At this point, the compositions of the blends were recalculated and expressed in relative volume of diesel fuel, ethanol and tetrahydrofuran.
The temperature dependent densities and viscosities of the components and the blends were measured by using an SVM 3000 type apparatus. It measured the absolute viscosity and density (ASTM D7042 [21] and ISO 12185 [22] ) and calculated the kinematic viscosity. The uncertainties of the density and viscosity measurements at the 95 % confidence level with a coverage factor of k = 2 were estimated 0.02 % for density and 0.35 % for viscosity.
Prior to the measurements, the viscometer was cleaned with a proper solvent, it was recalibrated with standardized fluids and finally it was dried with air. All the measurements were repeated three times and their average values were considered. Because of the high volatility of the THF (its boiling point is 64 °C) the viscosity and density measurements were carried out up to 50 °C at four temperatures: 0 °C -which evaluates the cold flow properties, 15 °C -the standard temperature for density measurement, 40 °C -the standard temperature for viscosity measurement) and 50 °C -the maximum temperature for accurate measurements.
The measured data were processed, and the mathematical models were developed with the aid of ORIGIN software, in the case of the components, and EXCEL-Solver software by minimizing the Average Relative Deviation of the models, in the case of the blends.
The accuracy of the developed models was evaluated based on their Average Relative Deviation (ARD), Standard Deviation (SD), and correlation coefficient (R) which are defined by the following equations: 
where exptl i and est i are the measured and estimated values, exptl and est are the averages of the measured and predicted values, N represents the number of experimental values and m is the number of model parameters.
Experimental results
After the prepared blends had become stable, their composition was changed because of the THF addition. The final compositions of the stabilized blends are presented in Table 1 . The average ratio of THF to ethanol to form stable blends at room temperature was 1:2.2.
The measured temperature-dependent densities and viscosities of the blends are given in Table 2 . The maximum Standard Deviations of the experimental measurements were 0.0001 in the case of the density and 0.028 in the case of absolute viscosity.
As the density of THF is higher than the density of the other two components it compensates the lower density of the ethanol. Consequently, the density of the blends fulfills the EN 590 standard requirement (0.820-0.845 g / mL at 15 °C). In the case of viscosity, only the blends containing up to 5 % (v/v) ethanol meet the viscosity requirement (2.0-4.5 mm 2 / s at 40 °C) for diesel fuel; for the rest of the blends it falls below 2.0 mm 2 / s. The maximum decrease is 14 % and it belongs to the blend with 15 % ethanol.
Models for fuel blends properties 4.1 Models for predicting the densities of the blends
In our previous work [23] we concluded that a quadratic model was a good estimator for modeling the temperature-dependent density of the components: ρ t a a t a t ( ) = + +
where ρ(t) (g / mL) is the density, t (°C) is the temperature, a 0 , a 1 and a 2 are parameters of the regressions. The calculated values of the regression parameter for each compound and the precision of the models are presented in Table 3 . It can be observed that all the models describe the temperature-dependent densities of the components with a very high fidelity, having the regression coefficient almost 1 and a very low Average Relative Deviation (below 0.5 %).
One of the widely used methods to estimate properties of liquid blends is based on the mixing of the properties of its components by using a suitable mixing rule. [11, 24] :
where ρ est (t) (g / mL) is the predicted density of the blend, ρ D (t), ρ E (t) and ρ T (t) (g / mL) are the temperature dependent densities of diesel, ethanol and THF, given by Eq. (4), f D , f E and f T are the volume fraction of the diesel, ethanol and THF. Since Eq. (5) has a positive error of 1.6 % ( Fig. 1 a) , Table 4 ), its precision must be improved. In order to fine tune the model, the contributions of the components to the density of the blend have to be weighted [24] :
were k D , k E and k T are weighting parameters. This model improves the density prediction accuracy, having an ARD of 0.0826 (Fig. 1 b) and Table 4 ). The precision of Eq. (6) can be further improved by introducing a constant term, k 0 :
This proposed model halves the ARD of the previous model ( Fig. 1 c) , Table 4 ). As the influence of the temperature is a linear one, it can be modeled as monomial:
where k 1 and k 0 are constants. The precision of this model is comparable with the precision of Eq. (7). Usually, only the density at 15 °C of the diesel fuel is known and the densities of the other two components are material constants. In this case the temperature-and composition-dependent densities of the blends can be estimated using the following model: 
where ρ D 15 , ρ E 15 and ρ T 15 are the densities of diesel fuel, ethanol and THF respectively. As it is shown in Fig. 1 d) and Table 4 , the precision of this model is lower than the precision of the previous two models, but it has the important advantage of using only one experimental value (the density of the diesel fuel at 15 °C).
Models for predicting the viscosities of the blends
The temperature dependence of the absolute viscosity of the components can be modeled by the Vogel-Fulcher-Tammann (VFT) equation [25] : where η(t) (mPa • s) is the absolute viscosity of the component at temperature t (°C) and A, B and C are parameters which can be calculated by measuring the viscosity at least at three different temperatures. The values of the regression parameters and the precision of the models are given in Table 5 .
As in the case of the densities, the absolute viscosities of the blends can be described using Kay's Mixing Rule which is a simplified Grunberg-Nissan model [25, 26] :
where η est (t) (mPa • s) is the predicted viscosity of the blend, η D (t), η E (t) and η T (t), (mPa • s) are the temperature dependent viscosities of diesel, ethanol and THF, given by Eq. (10), f D , f E and f T are the volume fraction of the diesel, ethanol and THF respectively. As shown in Fig. 2 a) and Table 6 , Eq. (11) has a large positive error of 27 %. Das et al. [27] proposed an improved model for the viscosity of a ternary blend by adding a fractional term to Eq. (11):
where M 0 and M 1 are constants. By minimizing the Average Relative Deviation (ARD) of the prediction model, the resulted values of these constants are M 0 = −52.0906 and M 1 = −179.5159. This model improves the precision of the prediction, mainly the ARD which drops more than three times (Fig. 2 b) , Table 6 ).
Another way to improve the precision of Eq. (11) is proposed in [11, 24] by using weighting factors:
where all the notations have the same meaning as defined above. As illustrated in Fig. 2 c) and evaluated in Table 6 , the precision of this model is good for the proposed applications. Usually, the viscosity of the diesel fuel is given at the temperature of 40 °C. Therefore, a model which only uses the viscosities of the components at this standardized temperature can be more useful in most of the practical applications: 
where η D 40 , η E 40 and η T 40 are the absolute viscosities of the components at 40 °C, all other notations have the same meaning as they were defined above. This model delivers a lower precision than Eq. (13) ( Fig. 2 d) , Table 6 ), but it is very practical. The kinematic viscosity of the blends can be calculated as a ratio of absolute viscosity to density. Using Eq. (13) for the absolute viscosity and Eq. (8) for the density, the resulted values of the kinematic viscosity are in very good agreement with the experimental values (ARD = 2.2579 %, Fig. 3 a) ). Even when the less precise models (Eqs. (9) and (14) ) are used, the precision of the resulted kinematic viscosities remains acceptable (ARD = 3.6813 %, Fig. 3 b) ).
Validation of the developed models for other blends
All the constants of the developed models were determined for the diesel fuel, ethanol and THF used in this work. In order to validate the models, they were tested with viscosity and density data obtained from the existing literature. Unfortunately, relevant literature provides very few data on the density and viscosity of diesel-ethanol-tetrahydrofuran blends. Moreover, these data are published for one single value of the temperature and not for an interval, as it is the case of the present study. The validation of the density models based on data from [28] is presented in Table 7 . It can be observed that the density models developed in this research provide a very good precision. The model given by Eq. (8) has the best precision, followed by the models described by Eq. (9) and Eq. (7) .
In terms of viscosity, using the data published in the same source [28] , the models for absolute viscosity have been verified, and the results are presented in Table 8 . It can be noticed that the viscosity models developed in the present study (Eqs. (13) and (14)) deliver a good accuracy in the case of other types of blends, better than models from the specialized literature (Eqs. (11) and (12)).
Conclusions
The temperature-and composition-dependent density and viscosity of diesel fuel-ethanol blends containing up to 15 % (v/v) ethanol were modeled in the temperature range of 0-50 °C. Based on our findings, the following conclusions can be framed:
• Blends containing more than 2 % ethanol are not stable at room temperature, they start separating within a few minutes after the homogenization process stops. Above this concentration they require a surfactant, like tetrahydrofuran. The necessary quantity of surfactant increases as the ethanol quantity increases in the blend. • In the case of the density of the blends, the weighted Kay's rule is in good agreement with the experimental data. • The weighted Key's rule, completed by a monomial, delivers a very good prediction of the temperature and composition dependent viscosity. • Given that density and viscosity are material properties in the case of ethanol and tetrahydrofuran, the models described by Eqs. (9) and (14) are able to describe these quantities as a function of their temperature and composition using a single Table 6 The constants and the precision of the models described by Eqs. (11) (14), respectively). • Calculating the kinematic viscosity by using the proposed density and viscosity models delivers very precise results in good agreement with the experimental values. • The density of the blends fulfills the EN 590 standard requirement, but only blends with up to 5 % ethanol meet the viscosity limits imposed by the same standard.
• The developed models can be used in the proposed applications.
The authors intend to develop further models to describe other properties of diesel-ethanol-THF blends in order to use them in fuel injection and combustion modeling and simulation. Furthermore, preliminary internal combustion engine tests have been already done with promising results. 
